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by Ryan M. Hekman 
 




 Spider silk is a material that both has impressive mechanical properties and is also 
environmentally friendly.  Though there are limitless potential engineering applications 
for such materials, industrial production of spider silk has proven to be challenging.  
Farming silk from spiders, as is done with silkworms, is not a viable option for large-
scale production of spider silk due to the venomous and predatory nature of spiders.  
Here, an attempt is made to express synthetic spider silk minifibroins heterologously in 
Escherichia coli, to purify the recombinant spidroins from cell lysate, and to spin them 
into artificial fibers through a biomimetic process.  Silk minifibroins were designed to be 
similar to Major Ampullate Spidroin 1 from Latrodectus hesperus.  Synthetic fibers were 
examined by scanning electron and light microscopy, and their mechanical properties 
were tested by a tensometer.  Properties of synthetic silk were compared to those of 
native dragline silk from the same species from which their design was inspired, 
revealing synthetic silk fibers with lower breaking stress and breaking strain.  
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 Spider silk has recently become a material of interest for its impressive 
mechanical properties.  Although silk from silkworms (Bombyx mori) has been used as a 
textile for thousands of years, spider silk offers more impressive mechanical properties 
(Figure 1), including higher tensile strength and extensibility, and in turn, is tougher than 
silkworm silk [1-3].  Silk from one species of spider, Nephila pilipes, an orb-weaving 
species, has been shown to be four times the toughness of Kevlar® 49 [2]. 
 
Figure 1:  Stress-strain curves depicting the mechanical properties of Kevlar®, Nylon, 







Advantages of Silk Over Other Materials 
 In addition to the extraordinary strength of spider silk, silk is proteinaceous.  The 
biological origin and nature of silk yields two advantages over other modern materials.  
Firstly, it is an environmentally friendly material; like wood, silk is biodegradable and its 
disposal poses no long-term threat to ecosystems.  Secondly, silk is also a biocompatible 
material, as it interfaces well with living animal tissues.  This has been well documented 
for silkworm silk [5,6], and the same trend is observed for spider silk [7,8].  This is of 
special importance to the medical community, as advances are also being made in tissue 
engineering.  Implantable and prosthetic technology will continue to become more 
prevalent, and it is important to have manufacturable materials that interact with bodies 
with limited inflammation.  In addition, spider silk is produced naturally, with a low 
energy cost, virtually no byproducts, and without the use of oil derivatives.  The 
engineering applications for such materials are near limitless, spanning from body armor 
and aerospace design, to high grade medical implants and surgical equipment.  Silk is 
often viewed as a fiber, as most people interact with silk primarily as a web-based fiber.  
However, spiders use silk as adhesives, some much like a hardening resin that is secreted 
in droplets [9].  Lab researchers have been able to produce various materials from silk, 
including films, solids, gels, foams, fibers, and adhesives [10].  Much as Nylon was first 
invented as a fiber, but quickly led to advances in plastics of all forms, silk must not be 
viewed solely as fibers, but as proteinaceous, environmentally friendly composite 
materials.  It is possible that advances in silk research may lead to novel materials that are 




Latrodectus Spider Silk as a Model 
 One species of spider that has been widely studied for its silk is Latrodectus 
hesperus (L. hesperus), the western black widow.  L. hesperus has been a good candidate 
for study for several reasons.  It is native (and considered a pest) to the western United 
States, and therefore easily collected by anybody in northern and southern California 
[11].  The large size of the female black widow makes dissection more manageable, as 
isolation of glands from smaller species would be more difficult.  They are also easily 
identifiable by their black color and red hourglass on the abdomen; it is difficult for 
researchers to misidentify a member of L. hesperus.  This is especially important for any 
genomic or proteomic work, where differences between closely related species could be 
disastrous to processing data.  It also ensures that mechanical data from collected fibers 
are reliably from the same species.  Because of these reasons, L. hesperus has started to 
emerge as a model system for the study of spider silk.  Latrodectus is among the most 
well-characterized genus of spider genetically, especially regarding silk glands [12,13].  
Another genus that has been heavily studied for its silk is Nephila, an orb-weaving spider 
that lives mostly in tropical regions.  These two genera are in the same order Aranaea, but 
they are in separate families.  Nephila’s orb-webs and Latrodectus’s cobwebs are 
different in structure and composition, but their silk has comparable mechanical 
properties [14]. 
 
Types of Silk from L. hesperus 
 L. hesperus produces 7 types of silk from seven different glands for specialized 
purposes [15].  Silk is used to wrap egg cases, trap prey, anchor the frame of the web, and 
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suspend the spider’s weight like a lifeline while it works.  Dragline silk, sometimes 
referred to as “lifeline silk”, represents one of the most extensively studied.  It is easily 
collected in a continuous uninterrupted fiber, and thus, there is a large body of knowledge 
regarding the production and properties of this fiber type [14,16-19].  In addition to silk 
itself, dragline silk is secreted from one of the largest silk glands, the major ampullate 
gland.  Because of this, dragline silk has been dubbed major ampullate silk.  Again, this is 
one of the easiest glands to study because of its size and accessibility, and there is a 
wealth of knowledge about the major ampullate gland and its silk.  Most published 
properties of black widow silk refer to dragline silk, and it is this fiber type that has been 
stated to rival the strength and toughness of other modern materials.  Major ampullate 
silk contains at least 7 different protein constituents [18].  These protein components 
include small cysteine-rich proteins, as well as some very large glycine and alanine-rich 
fibroins.  Fibroins are large structural molecules that often comprise the bulk of a 
material.  Spider fibroins are referred to as spidroins, a contraction of the two words 
spider and fibroin.  Although it is probably evolutionarily advantageous for spiders to 
spin fibers made up from a vast number of different proteins, spidroins have been of 
special interest because of their abundance, demonstrated by polyacrylamide gel 
electrophoresis, amino acid composition analyses, transcriptomics, and mass 
spectrometry studies [16-18,20].  Specifically, major ampullate silk is mostly composed 
of two spidroins, namely Major Ampullate Spidroin 1 (MaSp1) and Major Ampullate 
Spidroin 2 (MaSp2), where MaSp1 is more abundant than MaSp2 in most spider species.  




Properties of MaSp1 
 MaSp1 constitutes a large portion of dragline silk by mass.  It is a large molecular 
weight protein with internal block repeats that is thought to be expressed in part or in 
whole from multiple loci in the spider’s genome.  The full-length MaSp1 protein 
sequence is predicted to produce a protein with an expected molecular mass of 250kDa 
[17,21].  MaSp1, like other spidroins, is composed of a unique nonrepetitive N-terminal 
domain and a unique nonrepetitive C-terminal domain, both of which are highly 
conserved across species [22,23].  Internal to the MaSp1 N-terminal and C-terminal 
domains is a highly repetitive and conserved region, composed of nearly 100 block 
repeats of 30 amino acid residues each.  Each block repeat is composed of a glycine-rich 
region followed by a 7 or 8 residue polyalainine stretch.  A glycine-rich region is stretch 
of either one or two glycine residues followed by asparagine, tyrosine, arginine, or 
alanine that continues for around 20 residues.  Although block repeats vary, some are 
more common than others (Figure 2) [21]. 
 
Figure 2:  Depiction of internal block repeat amino acid consensus sequence for L. 
hesperus MaSp1 locus 1 [21]. 
 
 The MaSp C-terminal domain is known to dimerize through a disulfide linkage of 
its single cysteine, and is thought to play a role in protein solubility and folding of the 
spidroin [24].  The state of the C-terminus of MaSp1 is described to exist as a molten-
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globule - dense and folded - but without a defined crystalline structure, which is in part 
important for the flexibility of fibers [25].  Study of the N-terminus is less well 
established, as sequencing the repetitive full-length transcripts has been difficult.  
However, it has been shown to demonstrate a mechanism of ultrafast association in 
Euprosthenops australis [26], and is also postulated to serve as a pH switch in the 
spinning process to promote aggregation and fiber formation [27].  Conversely, the 
repeats form highly ordered micelles in an aqueous environment that make up the core of 
the protein [28]. 
 
Production of Spider Silk 
 Due to their territorial, venomous, and cannibalistic nature, spiders have 
historically been poor candidates for domestication and industrial farming of silk [29].  
Therefore, natural spider silk has not been harvested on an industrial scale; most global 
production of silk is from silkworms, with few exceptions.  One such case is a 11’ by 4’ 
tapestry produced by Nicholas Godley and Simon Peers.  This project took 70 people 4 
years and one million spiders to produce enough material for this textile [30].  Though 
spider silk is an exceptional material, this process is cost-prohibitive for most 
applications.  With the advent of molecular biology, heterologous production of spider 
silk has become possible.  Organisms such as bacteria, yeast, goats, tobacco, potato, and 
silkworms have been used to produce recombinant spider silk proteins [31-35].  Most of 
these studies have utilized incomplete fragments of spidroin gene sequences because of 
the difficulty of cloning and expressing long repetitive gene sequences that are GC-rich.  
Most heterologous expression of spidroin fragments has focused on the internal block 
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repeats [10,31,36,37].  Although the block repeats correspond to most of the mass of the 
protein, the N-terminal and C-terminal domains must be of importance, due to their 
highly conserved nature and their abilities to associate when expressed independently of 
the rest of the protein.  Some studies have undertaken engineering block repeats that 
approach full-length protein sequences reported in native silk, but still exclude both or 
one of the terminal domains e.g. NTD or CTD [38].  Over time, investigators have been 
working to produce larger and larger constructs, but no one to date has produced full-
length spidroins [39].  One recent study did produce a small recombinant MaSp1 that 
included block repeats, the N-terminus, and the C-terminus from the orb-weaving spider 
Araneus diadematus [40].  Such proteins are called minifibroins, and such fibers spun 
from these minifibroins have exhibited improved mechanical properties over repeat-only 
fibers. 
 
Building of a Minifibroin 
 Silk glands are highly specialized organs, and production of spidroins in other 
organisms has proven to be difficult for several reasons.  Gene cloning an entire segment 
by PCR is difficult because of the length of the gene sequence; MaSp1 is at least 12kb 
[41].  Also, due to their repetitive and GC-rich nature, cloning partial segment by PCR 
and then multimerizing them is also problematic.  In addition to cloning, production of 
glycine and alanine-rich repetitive regions is taxing for expression systems due to the 
depletion of tRNA pools which leads to ribosomal pausing.  Supplementing tRNA pools 
has been shown to increase expression efficiency [38].  Even if spidroins are expressed 
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successfully, there is a risk that they will be poorly soluble in the expression system, as 
they are structural proteins that have low solubility in aqueous environments. 
 Minifibroins have been designed from scratch, where synthetic DNA oligomers 
have been designed to code for the consensus block repeat sequence commonly found in 
MaSp1.  These oligos were annealed and expanded in vitro by PCR, yielding a synthetic 
double-stranded DNA oligomer that encoded a single block repeat [42].  The DNA was 
then cloned into a vector, and the block repeats were multimerized using a seamless 
cloning strategy, doubling the number of blocks each iteration [43].  This approach gives 
complete control over the DNA sequence, rather than using a natural sequence.  To avoid 
truncation of proteins due to transcriptional pausing, the MaSp1 block repeat sequence 
was codon-optimized; it was designed to utilize the most abundant tRNAs for amino acid 
residues in Escherichia coli (E. coli) [44,45].  Subsequently, native cDNA sequences of 
the N-terminus and C-terminus were added using the same seamless cloning strategy to 
flank the internal block repeats.  Minifibroins sequences constructed in such a way do not 
carry any restriction sites from the cloning process, and closely resemble natural spidroin 
sequences in their amino acid sequence.  Various lengths of minifibroins have been 
engineered, from one containing two internal block repeats (32kDa), to one containing 64 
internal block repeats (230kDa), thus yielding minifibroin sequences that approach the 
size of natural spidroins but should be more easily produced in bacteria.  These 
minifibroins have been named with the following convention: L. hesperus MaSp1 NT-
nX-CT (nX), where n designates how many internal block repeats the minifibroin 





Figure 3:  Depiction of various MaSp1 minifibroin amino acid sequences relative to 
native MaSp1 [21,42]. 
 
Bacterial Heterologous Expression Systems for Recombinant Proteins 
 Expression in the bacterial strain E. coli BL21(DE3), herein referred to as (DE3), 
is a robust system for heterologous protein expression, using a chromosomal T7 RNA 
polymerase under the control of an IPTG inducible promoter [46].  These cells have been 
successfully used for expression and purification of thousands of proteins, including 
spidroins [38].  In addition, for instances where the overexpression of recombinant 
proteins leads to cell death, systems to slow production of T7 RNA polymerase have 
been developed.  Specifically, (DE3) cells which carry a plasmid that expresses T7 
lysozyme have been developed.  These are E. coli BL21(DE3)pLysE cells,  referred to as 
pLysE.  The T7 lysozyme within the cells inhibits T7 RNA Polymerase [47], slowing 
RNA synthesis from IPTG inducible T7 promoters.  This slows the rate of expression 
drastically, and allows cells to function metabolically, whereas stronger induction might 
lead to catastrophic metabolic failure within the organism. 
 
Spinning of Silk Proteins into Fibers 
 Spinning of silk proteins from a liquid dope into solid fibers has historically been 
difficult.  The process within spiders is relatively poorly understood, though attempts 
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have been made to understand the complex biological process.  The structure of the major 
ampullate gland is composed of three parts.  First is the tail, where proteins are 
synthesized, followed by the ampulla, a large lumen for storage of the silk protein, 
commonly referred to as “dope”.  The spinning duct (third part) is where the dope exits 
the lumen of the ampulla, and it is here that condensation of proteins into fiber occurs as 
a spider draws silk fibers out of its spigots [48].  It is thought that dehydration via dialysis 
occurs while spinning dope travels down the spinning duct, along with the removal of 
sodium ions [49].  Potassium ions, along with surfactants and lubricants are also thought 
to diffuse into the spinning duct [50]. 
 One of the first biomimetic approaches to artificially spin silk proteins into fibers 
is described in a 1993 patent held by DuPont [51].  Essentially, silk proteins are purified 
in such a way that they are dry, and free of salts.  Such proteins are then dissolved in 
1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) to produce a spinning dope.  The spinning 
dope is prepared at a concentration of around 20% weight to volume.  The dope can then 
be extruded through a syringe needle into an alcohol bath.  As the dope interfaces with 
the alcohol, it serves as a dehydration step, leading to precipitation from solution and 
fiber formation.  This process, called wet-spinning, was first demonstrated with silkworm 
silk, but in 1998, it was used to reconstitute native dragline silk from Nephila clavipes, 
followed by spinning it through a custom built spinning apparatus [52,53].  This process 
has been widely adopted to spin silk fibers from both reconstituted native silk 
(solubilized native silk that is re-spun) and from recombinant silk proteins. 
 HFIP is a caustic, halogenated organic solvent.  An approach to spin silk fibers 
that relies heavily on HFIP is likely to be poorly scalable due to the environmental 
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impacts of using such compounds on industrial scales.  Therefore, though HFIP based 
wet-spinning of silk is sufficient for small batches in a laboratory environment, efforts are 
being made to spin silk under aqueous environments.  Some success has been reported 
with aqueous spinning dope [54].  In addition to being non-toxic, aqueous spinning dope 
can yield more materials than just fibers, including films and gels.  Electrospinning, a 
form of silk spinning that does not use a liquid coagulation bath, has become popular 
recently.  It involves extruding dope through an electrically charged needle.  Like 
electrospray ionization, the fluid exiting the needle overcomes surface tension of the 
liquid and is forced away from the needle in a uniform stream.  Drying occurs in this 
stream, leaving behind a fiber [55].  This is a dry technique, using less solvent due to not 
needing a chemical bath.  Electrospinning has been used to synthesize silk matrices for 
cell culture and tissue engineering [5,56].  Most accounts of electrospinning or aqueous 
wet-spinning have been accomplished with recombinant silkworm silk, which can be 
produced in large amounts, although these will probably be used to spin fibers from 
recombinant spidroins in the future. 
 
Verification and Analysis of Artificial Silk 
 Liquid Chromatography-Mass Spectrometry (LC-MS) for proteomic research is 
becoming a powerful tool to analyze protein data [57].  The Orbitrap Fusion™ Tribrid™ 
mass spectrometer (Thermo Fisher Scientific) is capable of analyzing complex samples 
like entire proteomes from cell lysate, and is a sufficient tool to identify and quantify 
individual proteins samples.  Its sensitivity is greater than traditional techniques for 
protein identification and quantification, such as western blot analysis [58].  Coupled to 
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large genomic and protein datasets from mass spectrometers, computer algorithms like 
PEAKS (Bioinformatics Solutions Incorporated) can reliably sequence proteins (de novo) 
from a sample, providing users with knowledge of what is in their sample with much 
more specificity than gel electrophoresis [59].  This is a valuable tool that can be used 
confirm the presence of a recombinantly expressed and purified proteins.  Mass 
spectrometry is also helpful in identifying unknown proteins in a sample.  Testing the 
mechanical properties of silk fibers by measuring their width and then pulling on them 






Specific Aims of the Research Plan 
 The specific aims and goals of this study were three-fold.  The first objective was 
to express recombinant minifibroins from previously designed recombinant DNA 
constructs.  Of the pool of minifibroin DNA constructs provided, the longest synthetic 
minifibroins gene sequence that was able to be expressed was optimized for maximum 
protein production.  Secondly, after expression conditions were optimized for 
recombinant minifibroin synthesis, recombinant silk proteins were purified from bacterial 
lysate and spun into artificial fibers.  The third objective included testing the mechanical 









MATERIALS AND METHODS 
Western Blots and Silver Stains 
 All western blots were performed as follows.  Size-fractionated proteins from 
polyacrylamide gels were transferred to nitrocellulose membrane using the PierceG2 Fast 
Blotter (Thermo Fisher Scientific).  Membranes were then incubated in PBST with 5% 
milk for 15 minutes to block free sites on the nitrocellulose membrane, and subsequently 
washed 3 times in PBST buffer for 5 minutes each.  Next, an anti-His mouse monoclonal 
1° antibody was incubated for one hour in PBST with 1% milk to identify the antigen, 
followed by three more washes.  Then an anti-mouse 2° antibody conjugated HRP was 
incubated for one hour, followed by three more washes.  Blots were visualized with 
Luminata Crescendo Western HRP substrate (Millipore-Sigma) in a Molecular Imager® 
ChemiDoc™ XRS+ Imaging System (Bio-Rad).  All silver stain visualizations were 
performed using a ProteoSilver™ Silver Stain Kit (Sigma-Aldrich) according to the 
manufacturer’s instructions and photographed using a ChemiDoc™ XRS+ Molecular 
Imager® Imaging System (Bio-Rad).  The ladder in both silver stains and western blot 
analyses was PageRuler™ Plus Prestained Protein Ladder, 10 to 250 kDa (Thermo Fisher 
Scientific) and all gels used were Mini-PROTEAN® TGX™ Precast Gels (Bio-Rad). 
 
Optimization of Induction Time 
 The synthetic 8X minifibroin cassette was inserted in the pET-24a vector, 
transformed into E. coli BL21(DE3)pLysE, or pLysE, cells (Invitrogen) and grown in an 
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orbital shaker under selection to saturation overnight at 37°C in LB media (10mg/mL 
Bacto-Tryptone, 5mg/mL Yeast Extract, and 5mg/mL NaCl) containing 50mg/L 
kanamycin.  The next day, the culture was split into multiple culture tubes, diluted (1/5 
with fresh media), and induced with 3mM IPTG at 22°C.  Each tube was induced for a 
different amount of time, ranging from 1 to 6 hours.  Tubes were collected and pelleted at 
one hour intervals, and all cell pellets were immediately stored at -80°C for SDS-
PAGE/Western blot analysis.  Cell pellets were prepared for SDS-PAGE by lysis in 
Lamelli Buffer (Bio-Rad) containing 5% BME, followed by sonication and then heating 
to 65°C for 30 minutes.  Protein expression level was determined by western blot 
analysis. 
 
Optimization of Induction Temperature 
 An overnight culture was prepared as described above.  This culture was split into 
three separate tubes, and diluted by 1/5 with fresh media.  Each culture was induced with 
1mM IPTG for 8 hours at separate temperatures, 18°C, 22°C, and 37°C.  Cultures were 
subsequently pelleted and stored at -80°C for analysis via SDS-PAGE/Western blot 
analysis.  Cell pellets were prepared for SDS-PAGE by lysis in Lamelli Buffer (Bio-Rad) 
containing 5% BME by first sonication, and then by heating to 95°C for 5 minutes before 
loading into wells.  Protein expression level was determined by western blot analysis. 
 
 Bacterial Strain Comparison 
 Overnight cultures were prepared by transforming both pLysE and E. coli 
BL21(DE3), or (DE3), cells (Invitrogen) with the synthetic 2X, 4X, 8X, and 16X 
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minifibroin constructs, resulting in eight overnight cultures.  Overnight cultures were 
grown at 37°C under selection in LB media with 50mg/L kanamycin in an orbital shaker 
incubator.  The next day, each culture was split into three tubes and induced for 8 hours 
at separate temperatures, 18°C, 22°C, and 37°C, in 1mM IPTG.  Each culture was split 
into two separate pellets, resulting in 48 cell pellets.  Cell pellets were lysed in Lamelli 
Buffer (Bio-Rad) with 5% BME via sonication, and then were either heated at 95°C for 
10 minutes or 65°C for 30 minutes prior to loading into wells for SDS-PAGE analysis.  
Protein expression level was assessed by western blot. 
 
Large Scale Induction and Lysis 
 All cell lysate for protein purification was produced as follows.  (DE3) 
(Invitrogen) cells were transformed with desired synthetic minifibroin construct.  After a 
one hour recovery, these cells were inoculated into 250mL of LB media with kanamycin 
(50µg/mL) in a 500mL shake-flask, and were grown overnight to saturation in an orbital 
shaker incubator at 37°C.  The next day, the overnight culture was added to 1L of fresh 
media containing 50µg/mL kanamycin, and was transferred to an orbital shaker at 16°C 
for a half hour.  The culture was then induced with 1mM IPTG at 16°C for 8 hours.  After 
induction, cells were pelleted at 15000xg in 250mL bottles at 4°C for 10 minutes.  This 
required decanting media and adding more culture several times.  Cell pellets were either 
stored for lysis at -80°C, or lysed immediately.  Pellets were lysed in 10mL Native Lysis 
Buffer, composed of 1mL Fast Break™ Lysis Reagent 10X (Promega Corporation) and 
9mL salt buffer with 50mM NaH2PO4, 300mM NaCl and 10mM imidazole by shaking at 
4°C until fully resuspended, and then sonicated for 1 minute in 2 second bursts. 
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Purification of Recombinant 8X 
 20mL of cell lysate was added to 1mL of suspended Ni-NTA Agarose resin 
(Qiagen) in a column and capped.  Proteins were allowed to bind for one hour at 4°C by 
constant rotation.  Columns were then mounted in a clamp and were allowed to drain by 
gravity through a filter, collecting the flow-through.  The columns were capped when the 
level of fluid reached the resin bed, and 20 mL of a wash buffer containing 50mM 
NaH2PO4, 300mM NaCl, and 20mM Imidazole was carefully pipetted on top of the 
beads.  The column was then drained again, collecting the wash buffer 4 fractions.  
Twenty milliliters of elution buffer, the same as wash buffer save for a 250mM 
concentration of imidazole, was carefully pipetted onto the resin bed, and was then 
drained, and collected in four fractions.  All collections were done on ice.  Fractions were 
prepared for SDS-PAGE by adding Lamelli Buffer (Bio-Rad), containing 5% BME, in a 
1:1 ratio with the sample, and heating to 95°C for 5 minutes before loading into wells.  
The presence recombinant minifibroin was confirmed by western blot. 
 
Gradient Purification of Recombinant 8X 
 A purification was done as described in the section above, except the wash in 
20mM imidazole was collected in one fraction instead of four.  Then, before the final 
elution step, several subsequent washes/elutions were performed, 5mL each, at various 
concentrations of imidazole from 20mM to 100mM in 10mM increments.  The final 
elution at 250mM imidazole was collected in one fraction.  The presence of recombinant 
minifibroin in the final elution fraction was confirmed by mass spectrometry.  The final 
two elutions of 100mM and 250mM imidazole were also quantified using a BCA™ 
32 
 
Protein Assay Kit (Thermo Scientific) with a Synergy H1 Microplate Reader (BioTek) 
according the manufacturer’s specifications. 
 
Liquid Chromatography-Mass Spectrometry 
 Samples were denatured for one hour in 6M urea, and then reduced for one hour 
in 10mM DTT, then alkylated in the dark for 30 minutes using 15 mM iodoacetamide.  
Samples were then diluted with 3 volumes of ammonium bicarbonate (50 mM) and 
digested overnight at 37 °C with either mass spectrometry grade Trypsin Gold or mass 
spectrometry grade chymotrypsin (Promega Corporation) at a protein to protease ratio of 
10:1.  Digested peptides were concentrated and desalted using Pierce™ C18 spin 
columns according to the manufacturer’s instructions (Thermo Fisher Scientific, 
Waltham, MA, USA).  Purified peptides were dried via lyophilization and resuspended in 
water with 0.1% formic acid.  The sample was loop injected by a Dionex Ultimate 3000 
autosampler into Easy-Spray PepMax® C18 column (75 micron i.d. × 15 cm, 100 A, 
Thermo Fisher Scientific).  Solvents A and B were 0.1% formic acid in water and in 
acetonitrile, respectively.  Solvent B was used at the following concentrations and times: 
1%, 12 min, 1%–22%, 48 min, 22%–40%, 15 min, 40%–99%, 3 min, 99%, 3 min, return 
to 1%, 4 min, 1%, 15 min.  Flow rates were held at 300 nL/min.  Each run took 100 
minutes. 
 Mass spectrometry analysis was performed using an Orbitrap Fusion™ Tribrid™ 
mass spectrometer equipped with an Easy-Spray ion source (Thermo Fisher Scientific) 
operated in a data dependent manner by Xcalibur 4.0 software (Thermo Fisher 
Scientific).  Full scans were taken by the orbitrap of the analyte with an automatic gain 
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control (AGC) target of 1 million and a maximum inject time of 50 ms using a 
quadrupole isolation window between m/z 400–1600 Da, and resolution setting of 60,000.  
Monoisotopic peak determination was set to peptide, not relaxing restrictions when too 
few peptides were found.  Any precursor ion between charges of +2 and +7 surpassing an 
intensity threshold of 50,000 were subject to 30% HCD fragmentation (quadrupole 
isolation window: m/z 1.6 Da, AGC target: 100,000, inject time: 200 ms), and were then 
dynamically excluded for one minute.  The fragmentation products were resolved in the 
ion trap at normal scan rate and an m/z range set to automatic. 
 
LC-MS Data Analysis 
 MS/MS data was analyzed with PEAKS 7.0 (BSI).  All spectra were refined by 
merging fragment spectra from precursors that were within 1 minute RT and 4ppm of 
each other.  Spectra with a quality score lower than 0.65 were rejected.  Remaining 
spectra were De novo sequenced with a parent mass error tolerance of 5ppm and a 
fragment mass error tolerance of 0.2ppm.  Carbamidomethylation of cysteine was added 
as a fixed modification, and the variable modifications allowed were oxidation of 
methionine and deamidation of asparagine and glutamine.  A database was composed of 
the 8X protein sequence, a contaminant database downloaded from a free repository [61] 
containing common proteinaceous contaminants for mass spectrometry, and the E. coli 
(strain K12) reference proteome from Uniprot was concatenated and used as a target 
database.  Result tryptic and chymotryptic peptides from the de novo sequencing were 
searched against the database, allowing up to three missed cleavages and one non-
specific proteolytic cut per peptide.  Tryptic and chymotryptic datasets were pooled in 
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silico and results were filtered to display peptides of a de novo ALC score of 80% or 
greater and a FDR (False Discovery Rate) of less than 0.1%. 
 
Characterization of Final Elution from Gradient Purification of 8X 
 The 250mM elution fraction from a gradient elution was prepared and placed in 
an Amicon® Ultra-15 Centrifugal Filter Ultracel® 30K (Millipore Sigma) centrifugation 
tube with a 30kDa cutoff (Figure 4: 1).  The tube was spun in a Sorvall RT+ swingbucket 
centrifuge at 3000 RPM and 20°C for 20 minutes.  The eluent (Figure 4: 2) was collected, 
and water was added to the top of the tube.  The sample was spun as described above.  
The eluent was discarded, and 3 subsequent water washes were performed.  After the 
final water wash, the retentate (Figure 4: 3) was removed.  A small sample was saved for 
analysis.  The rest of the retentate was diluted with water and heated in 5% BME to 95°C 
for 10 minutes.  It was then placed back in the spin tube, and was centrifuged again.  The 
retentate and eluent were both collected for analysis (Figure 4: 4,5).  All samples were 
analyzed by SDS-PAGE under reducing and nonreducing conditions, except for the 
samples already containing BME, which could not be placed in nonreducing conditions. 
 
Figure 4:  Schematic of 30kDa size exclusion filtration study of purified 8X minifibroin.  
(1) 250mM imidazole elution fraction; (2) Eluent from 1st spin; (3) Retentate after water 




Spinning of 4X Fibers 
 The recombinant 4X minifibroin was purified using a gradient elution as 
described above.  The 90 and 100mM imidazole elution fractions were pooled and 
dialyzed (tubing had a 1kDa molecular weight cutoff) against deionized water for three 
days at room temperature.  During dialysis some of the purified protein precipitated, 
which was pelleted in a 50mL conical tube by centrifugation.  As much supernatant as 
possible was removed without disturbing the pellet, and the pellet was moved by 
pipetting to a pre-weighed microfuge tube.  The precipitate was again pelleted at 
maximum speed, and supernatant was removed.  The pellet was then frozen and dried by 
lyophilization.  The dried protein was weighed in the tube and then dissolved in HFIP by 
pipetting and vortexing to create a spinning dope solution.  Remaining suspended 
particles were removed by filtration through a 0.2µm pore nylon syringe filter.  The 
spinning dope was transferred to a glass gas tight syringe (Hamilton Company) and 
heated to vaporize excess HFIP.  Volume of the spinning dope was reduced until a 
protein concentration of approximately 20% weight to volume was achieved.  A 26s 
gauge (127μm inner diameter) blunt end needle was then attached to the head of the 
syringe, and it was placed in a spinning jig consisting of a syringe pump (Harvard 
Apparatus) and a coagulation bath of 100% IPA with a depth of approximately 15cm.   
The needle was oriented downward with the tip submerged in the IPA bath.  The spinning 
dope was pumped through the needle at a constant rate 15µL/min, extruding it into the 
bath to form fibers, as depicted (Figure 5).   Fibers were allowed to sit in the coagulation 
bath for over an hour before being wound around a custom built apparatus.  They were 
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quickly wound and, while still wet, were stretched to three times their original length.  
These fibers were then allowed to dry and were stored for further analysis. 
 
Figure 5:  Picture of lower half of the spinning apparatus, showing end of syringe needle 
in coagulation bath with silk being extruded, coiling at the bottom.  Not pictured is the 
syringe pump and syringe. 
 
Spinning of 8X Fibers 
 The 8X minifibroin was purified the same way as the 4X, though two large scale 
inductions were produced in parallel to produce sufficient protein for spinning.  The 
spinning process was the same as above, except for three changes: (1) the spinning dope 
was not filtered at all through a nylon membrane, (2) the dope was concentrated to about 
30%, and (3) fibers were stretched to a ratio of 2.5 times their original length post-
spinning. 
 
Collection of Native Dragline Silk Samples 
 An adult female black widow was removed from her web and held on a ‘Y’-
shaped apparatus over a plastic-lined box.  She would drop from the apparatus, 
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suspending herself on a single strand of dragline silk.  Silk was wound around the 
apparatus at the rate that the spider produced fresh silk, keeping her in freefall at about 
six inches above the box.  If a spider turned around to crawl back up the silk fiber, the 
fiber was cut.  Thus, continuous fibers with relatively few imperfections were wrapped 
around a collection apparatus. 
 
Tensometer Testing 
 A segment of recombinant or native fiber was cut and mounted with double stick 
scotch tape to a paper card, stretching across a center cutout in the card of 25cm.  A 
second identical card with more tape was placed on top, sandwiching the fiber.  Cross 
sectional diameter of mounted fibers was measured under 40x magnification using a 
Leica DMI3000 B light microscope equipped with a Leica DFC310 FX camera.  Cards 
were then mounted to a tensometer, a dual-mode lever system (Aurora Scientific Inc.) 
and the sides of the cards were cut with scissors, leaving only the fiber stretching between 
a mechanical lever and a clamp.  Mechanical testing was conducted and data was 
recorded and refined using the programs Dynamic Muscle Control and Dynamic Muscle 
Analysis (Aurora Scientific Inc.), respectively. 
 
Microscopy 
 For SEM studies, fibers were mounted on a 15mm x 6mm specimen mount (Ted 
Pella, Inc.) and sputter coated with gold to a thickness of 10nm.  Threads were then 
imaged using an S-2600N SEM (Hitachi) between 500x and 10,000x magnification.  
Fibers were examined for uniformity and molecular packing.  The break-points from 
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mechanical testing were also examined using SEM.  The light microscope’s distance 
measurement accuracy was validated by both a stage micrometer, and by measuring a 







Optimization of Induction Time 
 A prokaryotic expression vector engineered with 8 copies of MaSp1 synthetic 
repeats and the coding regions of NTD and CTD (referred to as 8X minifibroin) was 
induced and expressed over a period of 6 hours in pLysE cells.  This bacterial strain was 
chosen for its slow expression rate, as the minifibroin is highly repetitive in nature and 
likely would be difficult for the cells to express in a soluble form.  Samples were 
collected at one hour intervals and cell lysate was analyzed by western blot analysis 
(Figure 6).  The expected size of the minifibroin was 49kDa, and it was observed first at 
2 hours of expression (Figure 6).  The levels of 8X minifibroin increased gradually 
through 6 hours.  A second immunoreactive band in the lysate at 35kDa served as a 
loading control, and was observed at similar levels in all samples, even in uninduced cells 
(Figure 6).  Six hours was determined to be sufficient time to induce expression of 8X, 
and in general, the longer the expression, the more protein was synthesized (Figure 6).  
This is consistent with a previous study, where induction of a recombinant spidroin was 
allowed to proceed for over 24 hours, with significant increases of expression over 






Figure 6:  Optimization of expression time of 8X construct.  Western blot analysis of 
pLysE cell lysate using an anti-his monoclonal antibody after various induction times.  
8X appears at 49kDa, while the 35kDa species shows an endogenously expressed 
immunoreactive band.  (M) Protein ladder in kDa. 
 
Optimization of Induction Temperature 
 Lowering the induction temperature for expression of recombinant spidroins has 
been shown to increase efficacy of expression of spider fibroins [62].  This may be 
because spider silk proteins are structural in nature and expressing them too robustly may 
lead to aggregation and inclusion body formation.  The strain pLysE was chosen for 
expression, and an induction time of 8 hours was used instead of 6 hours, as lower 
temperatures lead to slower metabolic rates for bacteria.  Cells were induced at 18°C, 
22°C, and 37°C (control), and cell lysate was collected and analyzed by western blot 
analysis (Figure 7).  At 18°C, immunoreactive 8X his-tagged MaSp1 minifibroins were 
detected at 49kDa (Figure 7, lane 3).  However, at 37°C very little monomeric 
minifibroin was observed, but large amounts were detected with molecular masses above 
250kDa, supporting minifibroin aggregation at elevated temperatures (Figure 7, lane 5). 
Induction at room temperature (22°C) also revealed aggregation of the 8X minifibroin 
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construct and little, if any, monomeric 8X minifibroin (Figure 7, lane 4); this appeared to 
be a transitional temperature for aggregation of minifibroins.  It is worth noting that 
spiders express and secrete silk proteins at ambient temperature (usually a cool dark 
space for L. hesperus), so 37°C is a higher temperature relative to native conditions for 
expression of MaSp1.  Eighteen degrees Celsius was determined to be a sufficient 
temperature to express the 8X minifibroin construct, and a general trend was observed 
that the colder the induction temperature, the lower the amount of protein aggregation. 
 
 
Figure 7:  Optimization of expression temperature of 8X construct.  Western blot analysis 
of pLysE cell lysate using an anti-his monoclonal antibody after various induction 
temperatures.  8X appears at 49kDa, while the 35kDa band represents an endogenously 
expressed immunoreactive species.  (M) Protein ladder in kDa; (U) Uninduced cells. 
 
Bacterial Strain Comparison 
 The 8X minifibroin construct was transformed into both pLysE and (DE3) cells to 
determine which strain expressed more of the monomeric protein.  In addition to inducing 
the recombinant minifibroin in two different bacterial strains, inductions were conducted 
at three different temperatures, 18°C, 22°C, and 37°C.  Samples were also subject to 
different temperatures prior to SDS-PAGE analysis to check whether aggregation in gels 
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was related to variability in sample preparation (e.g. heating at 90°C to denature proteins) 
and not induction conditions.  Crude whole cell lysate was analyzed by western blot 
analysis (Figure 8), which resulted in the same temperature related trend previously 
described (Figure 7).  There was poor expression of the expected 49kDa band at warmer 
temperatures.  Aggregation did not depend on how the samples were heated for SDS-
PAGE analysis (Figure 8, compare lanes 2-4 to 5-7).  The (DE3) expression system was 
more robust and displayed less aggregation at high molecular weights relative to the 
pLysE strain (Figure 8, compare lanes 2-7 to 8-13).  Therefore, the (DE3) background 
was chosen for further experiments, and the pLysE strain was no longer used. 
 
 
Figure 8:  Choice of bacterial strain for 8X expression.  Western blot analysis of whole 
cell crude lysate from either (DE3) or pLysE after various induction temperatures using 
an anti-his monoclonal antibody.  Samples were prepared for gel loading by heating to 
either 60°C or 90°C.  Exposure time was 10 minutes.  8X appears at 49kDa.  (M) Protein 
ladder in kDa. 
 
 The same panel as above was conducted for the 2X, 4X and 16X minifibroin 
constructs.  The same trends displayed by the 8X minifibroin construct were also present 
for the 4X (Figure 9) and 2X (Figure 10) constructs, but were more pronounced as the 
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minifibroin mass decreased.  In addition to aggregation at warm temperatures, the 2X 
minifibroin construct, which has a mass of approximately 31kDa, produced a band where 
expected, but also produced a band at 38kDa (Figure 10, compare lanes 2-3 to 4).  The 
synthetic minifibroins have a single cysteine residue in their CTD that is known to 
dimerize under native conditions.  The 38kDa could be a result of dimerization and 
subsequent degradation of the synthetic minifibroin at 37°C, which would indicate 
assembly of the recombinantly expressed minifibroin.  Overall, the smaller minifibroins 
exhibited more robust expression than larger ones.  The (DE3) bacterial strain exhibited 
more robust expression in all samples, though its difference from pLysE decreased with 
increased minifibroin size.  pLysE may be a good candidate strain for very large fibroins, 




Figure 9:  Choice of bacterial strain for 4X expression.  Western blot analysis of either 
(DE3) or pLysE crude whole cell lysate after various induction temperatures using an 
anti-his monoclonal antibody.  Samples were prepared for gel loading by heating to either 
60°C or 90°C.  Exposure time was 1 min.; the 4X minifibroin construct migrates at 






Figure 10:  Choice of bacterial strain for 2X expression.  Western blot analysis of either 
(DE3) or pLysE crude whole cell lysate after various induction temperatures using an 
anti-his monoclonal antibody.  Samples were prepared for gel loading by heating to either 
60°C or 90°C.  Exposure time was 10 seconds; the 2X construct migrates at 31kDa.  (M) 
Protein ladder in kDa. 
 
 The 16X minifibroin showed no observable expression (data not shown).  DNA 
sequencing of the vector revealed a 26 base-pair insertion after the coding region 
specifying the N-terminal domain, which contained a linker region that should have been 
removed during assembly of the synthetic gene.  As the synthetic minifibroins were C-
terminally his-tagged, this mutation resulted in a frameshift and no expression of the full-
length protein.  The largest expressible synthetic minifibroin was the 8X construct, which 
was used for large-scale production and spinning. 
 
Purification of Recombinant 8X 
 A large-scale induction of the 8X construct was performed, followed by Ni 
affinity chromatography purification.  The flow-through of the lysate, wash fractions 1 
and 4 (W1, W4), and all four elution fractions (E1-E4) were size fractionated by SDS-
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PAGE, followed by visualization of proteins by silver staining (Figure 11) or western blot 
analysis (Figure 12).  The fourth wash fraction (W4) contained little protein (Figure 11, 
lane 3), while the first elution fraction (E1) contained large amounts of the 8X 
minifibroin (Figure 12, lane 4).  Several proteins in E1 were not immunoreactive (Figure 
11 and 12, compare lane 4).  All his-tagged 8X minifibroins were detected in the elution 
fractions, with nothing being detected in the flow-through or the wash fractions (Figure 
12, compares lanes 1-3 to 4-7).  This purification methodology was sufficient to isolate 
the 8X minifibroin, but led to several co-purifying proteins (Figure 11, lane 4).  The wide 
difference in concentration of imidazole between the washes (20mM) and the elutions 




Figure 11:  SDS-PAGE analysis of purified 8X minifibroin constructs after nickel affinity 
chromatography followed by protein visualization using silver staining.  (F) Crude lysate 







Figure 12:  Western blot analysis using an anti-his monoclonal antibody of nickel affinity 
chromatography purified 8X minifibroin fractions.  (F) Crude whole cell lysate flow 
through; (W1) Wash 1; (W4) Wash 4; (E1-4) Elutions 1-4; (M) Protein ladder in kDa. 
 
Gradient Purification of Recombinant 8X Minifibroin Constructs 
 A second large-scale induction was performed and recombinant proteins were 
purified by a imidazole gradient elution, where the concentration of imidazole was 
stepped up in 10mM increments from 20mM to 100mM after an initial wash (Figure 13).  
A final elution fraction at 250mM imidazole was also collected.  As observed previously, 
the 20mM elution revealed no detectable 8X construct; however the 8X construct did 
elute from 40mM to 250mM (Figure 13, lanes 6-13).  Four of the 5 previous co-purifying 
proteins eluted between 40mM and 80mM, leaving the 90mM and 100mM fractions with 
only the 8X minifibroin (Figure 13, lanes 11-13).  Strangely, one co-purifying compound 
did not elute at all before 100mM imidazole, but was present in the 250mM fraction.  
This left the final elution containing a Low Molecular Weight Protein (LMWP), dubbed 
the 10kDa band (Figure 13, lane 13).  The 100mM and 250mM imidazole fractions were 
quantified, by BCA and contained 19µg/mL and 60µg/mL total protein, respectively.  
The 90mM imidazole fraction contained a similar amount to the 100mM imidazole 
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fraction, and the final elution fraction’s protein concentration was partially composed of 
contaminant (Figure 13, compare lanes 11-12 to 13).  Thus, the 90mM fraction and 
100mM imidazole fractions together contained similar amounts of 8X to the final elution 
(Figure 13, lanes 11-12). 
 
 
Figure 13:  Size fractionation of 8X minifibroins by SDS-PAGE after gradient affinity 
chromatography purification.  Proteins were visualized by silver staining.  (M) Protein 
ladder in kDa; (F) Crude whole cell flow through, in 10mM imidazole; (W) Wash, in 
20mM imidazole.  Imidazole gradient is in 10 mM increments. 
 
Characterization of Final Elution from Gradient Purification of 8X 
 Mass spectrometry was used to identify the proteins in the elution fraction.  
Proteins in the elution fraction were digested with chymotrypsin and the peptides were 
sequenced by mass spectrometry.  After MS/MS analysis, five proteins with the highest 
abundance were identified (highest confidence scores), including the 8X minifibroin and 
chymotrypsin (Table 1).  Due to the sensitivity of the LC-MS/MS, three background 
proteins were also identified, although these proteins were below the detection level of 
silver staining on the gel but within the range of MS/MS detection.  No low molecular 
weight (below 15kDa) proteins were identified among the top candidates of the MS/MS 
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analysis.  Because the 10kDa band was detected by silver staining, it is unlikely that it 
escaped the sensitivity of the MS/MS analysis (Figure 13, lane 13).  In fact, much weaker 
protein bands were detected by silver staining and MS/MS analysis (data not shown).  
The failure to identify the 10kDa protein by MS/MS analysis could be due to poor 
proteolytic cleavage.  Alternatively, it could be due to the generation of peptides that 
ionize poorly by electrospray ionization.  However, this appears unlikely because two 
separate digests were prepared, one with trypsin, and one with chymotrypsin.  It is also 
possible that the protein represented was not in the database that was searched, but this 
also seems highly unlikely.  E. coli has a little more than four thousand genes and their 
protein database is extremely well characterized.  The reference proteome searched had 
as many entries as E. coli has genes.  It is more likely that the 10kDa band represents a 
fragment product of intact 8X, and was identified by mass spectrometry.  If it was a 
fragment of any other protein, for example ubiquinol oxidase, that protein would have 
presumably had many more precursor peptides identified because of very high intensity.  
Because there is an order of magnitude difference between 8X and background proteins, 









Table 1:  Table of proteins in the 250mM elution fraction of gradient purification of 8X, 
identified via mass spectrometry.  8X was recombinant.  Chymotrypsin was added to the 
digest sample.  All other proteins were E. coli specific. 






8X 49 339 100 
Cytochrome bo(3) ubiquinol 
oxidase subunit 2 
35 15 43 
Undecaprenyl-phosphate 4-deoxy-4-
formamido-L-arabinose transferase 
36 33 60 
FKBP-type peptidyl-prolyl cis-trans 
isomerase SlyD 
21 16 77 
Chymotrypsinogen A 26 67 84 
 
 The 250mM imidazole elution fraction (Figure 13, lane 13) was tested to see if 
the 10kDa species would pass through a 30kDa size exclusion cutoff membrane, both 
under reducing and non-reducing conditions.  All samples, including the original elution 
fraction, were fractionated by SDS-PAGE and proteins visualized by silver staining 
(Figure 14).  All samples were electrophoresed under reducing and non-reducing 
conditions, except for the samples already stored under reducing conditions in the 
presence of BME from the size exclusion test.  As expected, the elution fraction revealed 
the presence of the 10kDa and 49kDa bands (Figure 14, lane 2).  Under non-reducing 
conditions, the10kDa band displayed a slower migration pattern around 15kDa; there 
were also bands detected at 56kDa and 100kDa (Figure 14, lane 3).  Previous studies 
have shown that MaSp1 dimerizes through a disulfide linkage between 2 cysteine 
residues within the MaSp1 CTD; this likely accounts for the 100kDa band under non-
reducing conditions (Figure 14, lane 3).  The bands migrating at ~15kDa was about 5kDa 
heavier than the 10kDa band, and the band appearing at 56kDa was roughly 6kDa heavier 
than the 8X minifibroin (Figure 14, lane 3).  The mass shift under non-reducing 
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conditions of both the 10kDa band and the 8X minifibroin may be attributed to the same 
small protein causing a mass change through a disulfide linkage.  The band migrating at 
15kDa may represent a homodimer of the 10kDa, (appearing at a lower molecular weight 
than 20kDa due to intramolecular compaction) and the band at 56kDa may be a 
heterodimer of the 49kDa minifibroin and the 10kDa protein (Figure 14, lane 3).  
Strangely, nothing passed through the 30kDa cutoff membrane (Figure 14, lanes 4, 5, and 
8).  Taken together, this method was shown to be an ineffective methodology to separate 




Figure 14:  Size fractionation of affinity purified 8X minifibroin constructs by SDS-
PAGE after size exclusion filtration.  Proteins were visualized by silver staining.  (M) 
Protein ladder in kDa; (Elution) 250mM imidazole elution fraction; Flow Through Eluent 
from 1st spin; (Retentate) Retentate after water washes; (BME FT) Eluent after spin under 
reducing conditions; (BME Ret.) Retentate after spin under reducing conditions; (+) 





 A western blot analysis of the 250mM elution fraction using an anti-his 
monoclonal antibody under reducing and non-reducing conditions revealed an 
immunoreactive histidine-tagged protein at 49kDa and 56kDa, further supporting the 
presence of a heterodimer of the 8X minifibroin and unidentified protein (Figure 15, 
lanes 2-3).  There was no immunoreactive species detected at 100kDa (Figure 15, lanes 
2-3).  The inability to detect the 100kDa species was most likely due to a short transfer 
time, which was utilized to ensure that the 10kDa protein did not transfer completely 
through the nitrocellulose membrane.  The inability of larger molecular weight proteins 
(100kDa or larger) to transfer out of the polyacrylamide gel was consistent with poor 
transfer of protein rainbow marker proteins with masses above 100 kDa (Figure 15, lane 
1).  The 10kDa marker band was never detected by western blot analysis, but was readily 
observed by silver stain analysis.  Conversely, although the 15kDa marker band was 
consistently detected by silver staining, an immunoreactive band for the 15kDa species 
was not detected (Figures 14 and 15).  Moreover, if the 10kDa species represents a 
degradation product of the 8X minifibroin, it must contain the region of MaSp1 that 






Figure 15:  Western blot analysis using an anti-his monoclonal antibody of 250mM 
elution from gradient purification of 8X minifibroins.  (M) Protein ladder in kDa; (+) 
BME added to gel loading buffer; (-) BME not added to gel loading buffer. 
 
Spinning of 4X Fibers 
 In order to test the mechanical properties of fibers spun from minifibroin 
constructs, the purified recombinant 4X minifibroin was obtained using similar 
methodologies as described for the 8X minifibroin.  Initially, the 4X construct was 
selected for spinning because it demonstrated a more robust expression pattern in crude 
whole cell bacterial lysate via western blot analysis (Figures 8 and 9).  Nickel resin 
affinity chromatography elution fractions (90mM and 100mM imidazole) were pooled 
and prepared for wet-spinning.  Spun fibers were wrapped around a custom apparatus at a 
length of 50mm (Figure 16).  Using the same spinning dope and extrusion process, 12 
fibers were produced by wet-spinning; these fibers are referred to as “as spun” fibers.  
Visual inspection of the “as spun” fibers revealed threads with a uniform appearance 
(Figure 16).  As spun fibers were further subject to a post-spin draw ratio of three times 
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their original length (3x).  Of the 12 original “as spun” fibers, 7 failed during the post-
spin draw, while 5 remained intact (Figure 17). 
 
 




Figure 17:  4X fibers wrapped after spinning, after post-spin draw of 3x. 
 
 When the “as spun” fibers were subject to the post-spin draw process, 
qualitatively their diameters appeared to narrow.  Decreases in diameter did not happen 
gradually or uniformly, but segments of the fiber rapidly transitioned from a thicker to 
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thinner diameter.  The narrowing of fibers was not correlated to fiber failure.  As the 
drawing continued, the thicker regions necked down to thinner regions, and each thick 
segment of fiber gradually shrank to a shorter and shorter segment.  When the post-spin 
draw was complete, thick segments of fiber were still present, appearing as bubbles along 
the length.  Under SEM imaging, these bubbles appeared largely disordered (Figure 18).  
Viewing the transition from thick to thin, a change was observed in the molecular 




Figure 18:  SEM images of segments of synthetic fibers spun from the purified 4X 









Calibration of Microscope 
 To accurately measure the engineering stress of fibers, scientist must have 
knowledge of the cross-sectional area of the tested material.  This requires accurately 
determining the diameter size for a fiber.  In order to calculate the cross-sectional area of 
the fibers, a light microscope was first calibrated for length measurements using a stage 
micrometer (Figure 19). 
 
 
Figure 19:  Light microscope image of a stage micrometer, each minor tick mark is 10 
microns. 
 
As a control, native dragline silk from female black widow spiders (gravity silking) was 
analyzed by light microscopy to determine its diameter.  Analysis of natural dragline silk 
revealed two individual fibers side-by-side (Figure 20).  When pictured together the 
diameter of each individual fiber was estimated to be half the width of the extruded 
material, which corresponded to around 5 micrometers.  This value was verified by SEM 
imaging of the exact same silk segment (Figure 21).  Taken together, this methodology 
supported the ability to determine the diameters of fibers, a necessary element for the 







Figure 20:  Light microscope image of native dragline silk from L. hesperus.  This image 




Figure 21:  SEM image of native dragline silk from L. hesperus, showing two core fibers 
side-by-side. 
 
Mechanical Properties of Native Dragline Silk Fibers 
 To calculate cross-sectional area of a fiber, the following formula was used: Area 
is equal to half the diameter of the fiber squared times pi, or A=π(D/2)2, the formula for 
finding the area of a circle.  This relied on the assumption that fibers are relatively 
cylindrical, an observation supported by SEM analysis (Figure 21).  When the threads 
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were broken using scissors, the fibers appeared elliptical at the cut site only because they 
were bent and crushed by scissors (Figure 22).  Overall, fibers were shown to be 




Figure 22:  SEM images of cut ends of native dragline silk from L. hesperus, showing 
two core fibers side-by-side.  Fibers are cylindrical in nature.  Ends appear crushed by 
scissors, exhibiting stress fractures. 
 
 Because dragline silk is composed of two fibers, when tested for mechanical 
properties, each silk sample displayed two points of mechanical failure (Figure 23).  
Presumably, this was due to independent fiber failure.  Side-by-side (duplicate fibers) 
fiber formation is only observed for native dragline fibers and not with artificially spun 
synthetic silk.  Extrusion of artificial fibers through a syringe does not yield side-by-side 
threads, only a single fiber.  As is common with stress-strain curves, anything after the 
first point of failure (after maximum stress) was not included in calculations of 





Figure 23:  Typical stress-strain curve of native dragline silk fibers, showing two points 
of failure, one for each core fiber. 
 
 As proof-of-concept of the mechanical testing protocol, 5 samples of native 
dragline silk were collected from the same black widow spider and tested for their 
mechanical properties.  These fibers exhibited extensibility between 12.2% and 22.6% 
strain, and tensile strength (max stress) between 613 MPa and 969 MPa (Figure 24).  
Overall, these numbers correlate with reported values in the scientific literature for 
breaking stress and strain, providing evidence that our mechanical testing procedures are 






Figure 24:  Stress-strain curves for five segments of native dragline silk collected from 
the same individual.  The blue curve is Dragline-5, pictured in figures 20, 21, and 22. 
 
 Fibers examined by SEM analysis showed visible signs of stress along their 
length, displaying sharp fracture points (Figure 25).  Fibers showed little, if any, tearing 
at their break-points, demonstrating that fibers did not fail prematurely due to 
imperfections in the spinning process.  Taken together, the ability to test the mechanical 
properties and analyze the ultra-structure of native dragline silk was demonstrated, 
leading to results similar to previous published results.  This was important to bring 




Figure 25:  SEM images of native dragline silk fiber after stress testing.  Fiber cores split 
apart during stress testing.  (Left) Fiber exhibits stress marks down its axis; (Right) Fiber 




Mechanical Properties of Recombinant 4X Fibers 
 Using wet spinning methodology, purified 4X minifibroins were spun into 
artificial fibers.  Six different fibers were tested to determine their mechanical properties 
by stress-strain analysis.  Stress-strain curves demonstrated that these fibers contained 
extensibilities (breaking strain) ranging between 3.5% and 5.7%, and tensile strengths 
(breaking stress) between 109 MPa and 179 MPa (Figure 26).  Overall, relative to natural 
dragline silk threads, our MaSp1 synthetic fibers displayed lower breaking stress and 
strain (Compare Figure 25 with 26).  However, their values were similar to some of the 
best values reported for synthetic spider silk fibers formed by wet-spinning 
methodologies. 
 
Figure 26:  Stress-strain curves for six individual synthetic 4X minifibroin MaSp1 
threads. 
 
 To examine the ultrastructure of artificial fibers, SEM analysis was used to 
inspect the fracture points and morphological features of the threads.  Two opposing sides 
of one break-point of the same segment of fiber were pictured together (Figure 27A-B).  
SEM analysis revealed the fracture was not ideal; the ends appeared to be torn.  The torn 
appearance may imply inefficient molecular packing during the extrusion process, 
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although no clear signs of weak points or impurities could be determined after 
visualization of the longitudinal axis of the fiber (Figure 27, A-B).  During the 
preparation of the 4X minifibroin spinning dope, it was quickly filtered through a nylon 
filter to remove particulate matter prior to wet-spinning.  Nylon was later observed to 
dissolve in HFIP (data not shown).  It is possible that there was nylon contamination in 
the 4X spinning dope at the point of extrusion, potentially accounting for the rough 
texture and fibrous appearance of the surface of the fibers (Figure 27). 
 
 
Figure 27:  SEM images of synthetic 4X silk fiber after stress testing.  Molecular packing 
is looser than that of native dragline silk.  Panels A) and (B) are opposite ends of the 
same break-point and mate together.  Imperfections can be seen at the break-point, which 
was not a clean, cross-sectional break. 
 
Mechanical Properties of Recombinant 8X Fibers 
 To further investigate the mechanical properties of synthetic fibers produced from 
the wet-spinning process, a sample of the purified 8X minifibroin was prepared without 
filtration to avoid any potential nylon contamination.  After protein purification, the 
spinning dope retained some small particulate matter after heating and concentration in 
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the Hamilton syringe – this particulate matter could not be easily removed by 
centrifugation due to the viscosity of HFIP.  After extruding the spinning dope, “as spun” 
fibers were collected, and then subject to a post-spin-draw of 2.5 (2.5x).  During the 
spinning process, instead of one continuous fiber being synthesized, segments dropped 
into the coagulation bath, usually with globs on the end (data not shown).  This may have 
resulted from a slightly higher spinning dope concentration than the 4X construct, but 
likely occurred due to the presence of the small particulate matter that formed during 
concentration of the spinning dope via the evaporation of the HFIP.  Of the 6 fiber 
segments collected, 5 failed, but one fiber remained intact for mechanical testing. 
Mechanical tests on this fiber revealed an extensibility of 10.4% strain, which was much 
higher than any of the fibers spun from the 4X minifibroin, approaching half of the 
extensibility of native fibers (Figure 28).  However, this fiber failed to produce high 
breaking stress (Figure 28).   
 
 




 In order to examine the ultrastructure of the synthetic 8X fiber, the fracture point 
was imaged by SEM analysis (Figure 29, A).  SEM analysis revealed the fiber contained 
irregularities, having striations down its axis that displayed a narrowing effect.  The 
fibers appeared irregular in size and surface texture and was not completely uniform 
(Figure 29, B).  This was not surprising, due to the challenges encountered during the 
extrusion process.  However, the molecular packing or assembly of the recombinant 
protein appeared tighter than the 4X fibers, having fewer gaps or holes on the interior of 
the fiber.  The difficulty spinning and irregularity of the texture of the fibers is most 




Figure 29:  SEM images of synthetic 8X silk fiber after mechanical testing.  (A) Break-










Comparison of Synthetic and Native Silk Fibers 
 The artificial fibers spun from the 8X and 4X minifibroins were both unable to 
produce fibers rivalling natural dragline silk.  From a mechanical perspective, the 4X 
fibers were stronger relative to the single 8X fiber that was tested, breaking at strengths 
up to 179MPa.  However, the 8X fiber stretched more, leading to a higher toughness than 
the 4X fibers, or 5.4MJ/m3 (Table 2).  The strength of the MaSp1 4X fibers and the 
extensibility of the MaSp1 8X fibers were both promising features and provide a platform 
for future studies to attempt to perfect the spinning process.  The 4X fibers may have 
contained trace amounts of Nylon from their filtration.  If they did not, their mechanical 
properties as proteinaceous fibers are promising, as the strongest approached 200MPa 
tensile strength (Figure 30).  However, researchers have experimented with silk-polymer 
composite materials, both with hydrocarbon [63] and carbohydrate [64] copolymers 
within the fibers.  Polymer/Silk composite fibers may be an interesting avenue of 





Figure 30:  Summary stress-strain curve comparison of native dragline, 4X, and 8X 
fibers. 
 
Table 2:  Mechanical properties comparison of native dragline, 4X, and 8X fibers. 
 Strength (Mpa) Extensibility (%) Toughness (MJ/m3) 
Dragline 783   ± 159 17   ± 4 86   ± 28 
4X 152   ± 29 4.5   ± 0.8 4.7   ± 1.8 
8X 57.0 10.4 5.4 
 
 Fibers produced from our spinning dope did not display similar properties relative 
to native dragline silk.  Barring this limitation, the fibers produced did have some 
promising properties.  Relative to native spidroins, our recombinant proteins were rather 
small, about 50kDa, and competitive publications in the field that are producing fibers 
from block repeat sequences report breaking stress of around 60MPa for similarly sized 
proteins [38,40].  Some have extensibilities of 2% as well, yielding toughness values 
below 1MJ/m3.  In this study, our MaSp1 8X construct and synthetic fibers produced a 
breaking stress of 57MPa, and these fibers can likely be improved drastically by filtration 
of the spinning dope.  The filtered 4X fibers were smaller, but they produced breaking 
stress of over 100MPa.  Their toughness values were around 5 MJ/m3.  This indicates 
that, although they do not match native fibers, the additions of NTD and CTD to the 
minifibroins improved their properties over those of repeats only. 
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Potential Advances to Produce Greater Amounts of Fibroin 
 Not all minifibroins could be expressed in our heterologous expression system.  
The largest construct used in our study was about 50kDa, about one fifth the size of a 
native MaSp1 molecule.  Though expression was optimized, larger constructs may need a 
more fine-tuned system of production.  There was a marked lowering of recombinant 
protein expression from 2X to 4X, and from 4X to 8X, and the trend probably makes 
even larger constructs very difficult for bacteria to express.  As there is a reliable general 
trend that the larger a fibroin is, the stronger the fiber is spun, there is strong evidence to 
support that larger minifibroins of the same design may produce some of the best 
synthetic fibers ever seen in the field.  Improvements can be made in expression of the 
16X, 32X, and 64X, but this will take some work to overcome the barriers of expression 
for these larger molecular weight proteins. 
 Pure minifibroins can be produced, but the process requires wasting much of the 
expressed protein in fractions that have a co-purifying low molecular weight protein that 
has a 10kDa mass.  Our biochemical studies support that this 10kDa protein is a 
proteolytic product of the minifibroin construct.  In the future, further studies should be 
performed to investigate whether the bacterial strain synthesizes a protease that cleaves 
the minifibroin during expression, and if so, it would be interesting to map the cleavage 
sites of recombinantly expressed minifibroins.  In addition to the purification, the system 
for isolating the minifibroins from solution relied on protein precipitation during dialysis.  
During these steps, there was a substantial amount of protein left in solution after 




Potential Advances in the Spinning of Fibers 
 Preparation of spinning dope can also be further refined, and potential advances 
can be made to increase the strength and extensibility of fibers spun from synthetic 
minifibroins.   Filtration of the spinning dope is necessary to avoid irregularities and 
weak points in the fibers during the spinning process.  The preparation of spinning dope 
can be refined to include filtration, and a standard concentration of 20% weight to 
volume ratio.  These should yield more uniform fibers that are less likely to fail 
prematurely.  Once implemented, improved fibers might have properties comparable to 
or better than similarly sized recombinant spidroins produced concurrently in other 
studies.  In addition, the wet-spinning methodology may be too crude a mechanism to 
produce fibers of a similar caliber to natural silk.  Native silk fibers have been shown to 
have a highly-ordered nanostructure [65].  Alternative spinning techniques, including but 
not limited to aqueous based spinning and electrospinning, may be implemented in the 
future to produce superior fibers. 
 
Further Characterization of the 10kDa Protein  
 In addition to optimizing spinning procedures and expressing larger minifibroins, 
further work can be done to characterize the dynamics of interaction between the 10kDa 
protein and the minifibroins.  In the minifibroin amino acid sequence, there are 47 
residues separating the cysteine residue from the C-terminal histidine tag.  The 10kDa 
species, if a proteolytic product, likely was produced from multiple proteolytic cleavage 
events, one between the cysteine and the histidine tag, and another upstream of the 
cysteine residue.  It is curious that, if it was a degradation product of the intact 8X 
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minifibroin, and it was bound to the intact 8X minifibroins through a disulfide bond, it 
did not co-elute during gradient purification with the 8X construct in all fractions, but 
remained bound to the nickel resin despite not having a histidine tag.  This indicates that 
there may be a difference in solubility, affinity to nickel, or minifibroin conformation to 
which the 10kDa protein was bound versus those that were either homodimeric or 
monomeric.  Otherwise, the 10kDa protein would have been found in equal proportions 
with the 8X constructs in all fractions.  If the 10kDa protein was a fragment of the 8X 
construct, it must be the C-terminus because of the location of the single cysteine within 
the 8X construct.  The CTD of MaSp1 is known to play a role in solubility of fibroins, so 
it is reasonable to believe that there may be some conformational change induced by 
dimerization.   
 It is possible that prevention of the normal minifibroin-minifibroin homodimeric 
complex during bacterial expression might be beneficial to the survival of a bacterium, a 
strategy that would block protein aggregation and death of bacteria during growth.  A 
better understanding of this molecular mechanism could allow the selection of a new 
bacterial strain, or potentially genetic modifications that can be engineered within the 
minifibroin sequence or bacterial genome to either avoid or exploit such degradation, 
depending on the desired outcome.  Alternatively, the NTD and CTD may have some 
type of intrinsic enzymatic activity that cleaves the minifibroin during bacterial 
expression, leading to a short, truncated fragment that binds to monomeric minifibroin 
units to prevent premature aggregation.  If so, it could represent an unreported, novel 
mechanism that regulates fiber assembly during extrusion of natural spider silk.  
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Consistent with this hypothesis is the recent report of a truncated version of MaSp1 in 
spiders [66]. 
 Whether the 10kDa protein is endogenous in bacteria, or is a fragment of the 8X 
constructs, understanding the dynamics of its interaction with the 8X protein and how 
such interactions impact solubility, dimerization, or conformation of the 8X minifibroin 
would yield insights into how to produce more soluble silk without intracellular 
aggregation.  This further elucidation would also help the silk community to understand 
the process of the transition from soluble proteins to insoluble fibers in native silk, 
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